Drainage of peatlands for agriculture causes an increase of CO 2 flux from peat decomposition. The reverse process, i.e. for re-creation of wetlands, reduces the CO 2 flux, but increases the CH 4 flux. We developed the process model 'PEATLAND" to simulate these fluxes from peat soils under different water-table management. It combines primary production, aerobic decomposition of soil organic matter (including the soil-parent material -peat-), CH 4 formation, oxidation, and transport. The model is validated using closed fluxchamber measurements of CO 2 and CH 4 from three different sites in the western Netherlands.
Introduction
Peatlands play a major role in the global carbon cycle and an accurate knowledge of the carbon budget has become imperative in policy decisions with respect to greenhouse gas emissions and global climate change. Large areas of peatlands have been affected by human impacts (agriculture, forestry) with resulting changes in the carbon balance of these areas. This holds in particular for peat areas in densely populated coastal regions. In the coastal areas in the western Netherlands (Figure 1 ) extensive peat swamps have been drained during medieval times for agriculture. Subsequent oxidation and compaction of the peat deposits resulted in a relative rise of the water table, which was resolved by increase of the drainage effort. Thus, a continuous cycle of artificial drainage and land subsidence was established. Today, dairy farming prevails in these areas; farmers tend to appeal for deeper drainage. On the other hand, plans have been advanced to convert parts of these peatlands back into wetland nature areas by raising water levels again [LNV, 2000; VROM, 2000] . The motivation for these plans are the need for green buffer zones in the intensely urbanized western Netherlands and the need for buffer storage of water during high rainfall events. Peatland management, whether drainage or water-table restoration, has a considerable effect on the carbon balance of these areas. Drainage of peatlands turns the soils from a carbon sink into a carbon source, when peat is decomposed due to increased aeration of the soil. Already, this process has caused the loss of large masses of peat in the Netherlands [Schothorst, 1977] . Wetlands, on the other hand, are a source of CH 4 , which is 23 times as effective a greenhouse gas (GHG) as CO 2 , and contribute approximately 20 % to the annual CH 4 flux to the atmosphere [Houghton et al., 1995 [Houghton et al., , 2001 .
Modelling is a useful instrument to assess and predict the effects of water management and climate change on the carbon balance of peatlands. The scope of most existing models of soil organic matter decomposition is primarily agricultural and they do not include peat substrate decomposition [Paustian et al., 1996 , Smith et al., 1997 . A model that has been applied successfully in the Netherlands to model aerobic organic matter decomposition and N cycling is ANIMO [Groenendijk and Kroes, 1997] . This model does not include, however, CH 4 and requires extensive parameter supply, which makes upscaling difficult. Models capable of simulating production of CH 4 and its transport processes are available [Arah and Stephen, 1998; Walter et al., 1996; Walter, 2000; Granberg et al., 2001 , Zhang et al., 2002 , but integration of CO 2 models and CH 4 models has been attempted only recently [Zhang et al., 2002] . A suitable model to evaluate CO 2 and CH 4 fluxes from a large area of cultivated peatlands is capable of treating the soil matrix (peat) as a reservoir of organic matter, integrates CO 2 and CH 4 fluxes within one model, and has modest data demands for upscaling purposes. This paper describes such an integrated process-based CO 2 -CH 4 model.
The model (PEATLAND) consists of a CO 2 module for aerobic organic matter decomposition (including the peat substrate of the soil) based on the approach described by Jenkinson and Rayner [1977] . The CH 4 module is a slightly adapted version of the CH 4flux model developed by Walter [2000] . Both modules are linked to a simple module that simulates primary production of soil organic matter as a function of soil temperature. The model has been validated using field measurements, obtained with flux chambers, from three study areas in the western Netherlands (Figure 1) [Van den Bos and Van de Plassche, submitted 1].
Study areas
A brief description of the study areas at Guisveld, Ransdorp and Kamerik is presented below.
Guisveld (52 o 28' N, 4 o 47' E) is part of a nature-reserve area that consists of about 450 ha of peatland, largely managed by the National Forest Service (Staatsbosbeheer). It consists of several small areas, separated by ditches and canals, a typical landscape for many of the coastal peatlands in the Netherlands. Present-day vegetation in Guisveld is mainly reed and grassland (several species), with orchids, sedges, mosses and other species. The grasslands are not or sparsely fertilized, and grazed or mown once a year. Total peat thickness in the area is approximately 4 m, with the peat reaching the surface. The upper part of the peat consists of oligotrophic bog peat, which is nowadays situated below sea level and is in contact with eutrophic ground-and surface water. The area with the five measurement sites is a long (ca. 500 m), narrow (ca. 20 m) field surrounded by ditches on all sides and covered with grass. The field has a shallow drainage trench in the middle and shows clear topographical differences. Two measurement sites are located some 20 cm higher in elevation than the other three sites, resulting in different water tables. For model validation, the high and low water-table sites have been considered separately, called 'Guisveld high WT' and 'Guisveld low WT' respectively.
Ransdorp (52 o 24' N, 5 o 00' E) is located in the Waterland region, a national park of about 11,500 ha of peatlands. In the eastern part of Waterland the soil consists of both clay and peat, whereas soils in the western part are dominantly peaty. Clay is found in and along former tidal gullies, extending from the former Zuiderzee lagoon westward into the area. As in Guisveld, eutrophied oligotrophic bog peat occurs, together with fen (reed and sedge) peat. Due to the artificial drainage regime the water table of the studied field (ca. 200 m long) shows a gradient in longitudinal direction, with water-table depths from about 30 cm below surface at the first measurement site to depths of ca. 70 cm at the last measurement site. The thickness of the peat layer is approximately 4 m. It is covered by a surface layer (0-30 cm) of crumbly sandy clay with a high organic matter content. The grassland is dominated by Ryegrass (Lolium perenne) and is grazed alternately during the year by sheep, and mown and manured twice a year.
Kamerik (52 o 09' N, 4 o 52' E) is situated near the town of Utrecht, in the Polder Kamerik-Teylingens. Although the study area covers only about 1 ha, it is representative for a much larger area (>11,000 ha), characterized by the presence of thick (max. 6 m) layers of eutrophic (wood and sedge) peat. The studied field is part of a recreation area (Oortjespad) and is a hay pasture with different grass species and other plant species, like Rumex sp, Ranunculus sp and Taraxacum sp. The top soil (0-30 cm) is of anthropogenic origin and consists of a very solid sandy clay layer mixed with organic material (including peat) and some debris (bricks). The hay pasture is grazed during only a small part of the year. The field is mown once or twice a year, not or moderately fertilized, and has a water table between 3 cm and 87 cm below surface.
Closed chamber-flux measurements
Flux measurements were carried out once a month at five sites in each of the three study areas from November 1998 until August 2000, using closed chambers (PVC, 45 x 45 x 12 cm), gas chromatography (CH 4 ) and a portable infra-red gas analyzer (CO 2 and O 2 ). At the start of each measurement, the chambers were installed on a steel framework permanently located in the soil (Figure 2 ). The top of the framework was flush with the soil surface and consists of a gutter, which is filled with water to make an airtight connection of the chamber. Because the frameworks did not form a visible or physical obstruction, the study sides were treated the same as the surrounding area (i.e. grazing, mowing, fertilization, etc.).
Prior to measurement, the vegetation within each frame was clipped as short as possible to obtain a constant chamber volume and to reduce plant respiration (which obscures the soil CO 2 flux) after placing the light impervious chamber over the measurement site. To avoid a reduction of soil-atmosphere gas exchange due to the buildup or saturation of the gases inside the chamber, the measurement time was limited to 1-2 hours, depending on the production rate. At least five gas concentration measurements were done at regular time intervals per chamber per flux experiment. To calculate fluxes, gas concentrations were plotted against time and a linear trend line was fitted. If the R 2 -value of this fit was >0.5, the slope of the trend line was used to calculate the flux (in mg m -2 hr -1 ), using the general gas law, the volume of the chamber, the surface of the chamber, the air pressure, the temperature and the molar mass of the gas. Approximately 95 % of the flux measurements showed R 2 -values >0.5 [Van den Bos and Van de Plassche, submitted 1]. On the day of the gas-flux measurements, also the water table and air-and soil temperature were monitored.
Model description CO 2 module
The model represents a column of soil with unit surface, subdivided into fifteen layers of equal thickness (0.1 m). Organic matter content, dry bulk density and water retention curves describe the soil physical conditions of each layer.
The CO 2 module incorporates multiple soil organic matter (SOM) pools, similar to the approach of Jenkinson and Rayner [1977] . The soil parent material (peat) is explicitly included as a separate pool. Peat is distinguished from humus by its higher decomposition rates and the presence of visible plant remains. Similar to the model of Jenkinson and Rayner [1977] , it is assumed that the decomposition reaction for each SOM pool results in reaction products that are partitioned between CO 2 , microbial biomass and more resistant SOM ( Figure 3 ). For decomposition first order rate kinetics is assumed:
where Q is the mass of organic C in a specific SOM pool per unit volume of soil (kg m 3 ) and k the decomposition rate constant (d 1 ). Each SOM pool is assigned its own decomposition rate constant k.
The amount of carbon partitioned to the microbial biomass pools is calculated from the total decomposed amount according to equation (1) using transfer coefficients a micr and a humus ; where a micr equals the microbial assimilation rate (Table 1) . Thus, from the total amount of decayed organic matter according to equation (1), a fraction 1 -a micr -a humus is transferred into CO 2 . Therefore, in the Jenkinson-Rayner model, equation (1) should be taken as a description of decomposition in general, not as quantifying only the dissimilation of organic matter into CO 2 . The microbial biomass itself is subject to decomposition after death also. The decomposition rate of the microbial biomass is a combination of the microbial death rate and decomposition of its dead organic matter.
The decomposition rate per SOM reservoir is adapted by environmental parameters that influence microbial activity [Groenendijk and Kroes, 1997] . Starting from a k value specified for optimal conditions, the actual k env is calculated by reducing k by a factor f for a specific environmental parameter: f T for temperature, f m for soil moisture, f pH for soil pH, f ae for soil aeration and f prim for priming effects according to:
With exception of f T and f prim (see below) all correction factors range from 0 to 1. The factors f m and f ae are complementary. A near-saturated soil-moisture condition leads to a reduction of decomposition due to anaerobic conditions, but a low moisture supply also retards decomposition. Optimum conditions are generally found at pF 2.2-2.7 (near field capacity). The decomposition rate declines steeply at high water content and more gradually at low water content [Paul and Clark, 1996] . For the effect of soil dryness, we assumed a linear decrease of f m from 1.0 to 0.2 between pF 2.7 and pF 4.2 (wilting point). In practice, the latter is never reached in the model simulations. For the effect of soil moisture on aeration different approaches exist. Bunnell et al. [1977] calculated a reduction factor based on a Michaelis-Menten equation, which has the disadvantage that f ae < 1 even at low pore water saturation. In the ANIMO model, Groenendijk and Kroes [1997] calculate the actual amount of available O 2 based on diffusion via pores and O 2 demand of the decomposition processes. This allows simulating the effects of addition of rapidly decomposing organic matter (e.g. manure) on the O 2 availability for other decomposition processes. However, this O 2 diffusion model is computationally intensive, assumes rather artificial pore geometries, and is difficult to parameterize. Therefore we prefer a simple linear relation, which lets f ae decline from 1 to 0 between a pore-water saturation from 80 % to 100 %, which approximates the relation of Bunnell et al. [1977] . Since roots decrease the water content of the soil layer and also contribute to aeration by O 2 transport [Drew, 1990] , a correction of this relation to a steeper slope is optional in the model. Changes in soil moisture due to evapotranspiration and precipitation cannot be simulated, because vertical movement of water in the soil column is not included in the model. The moisture content is assumed to be in equilibrium with gravity. We apply this simplifying approach because the high pore volume and generally high water table of the peat soils will cause rapid equilibration of soil moisture with gravity. A comparative test of different SOM decomposition models showed that a sophisticated soil-water module may even detoriate model performance due to parameterization problems [Smith et al., 1997] .
Microbial activity depends on soil temperature according to the Arrhenius equation [e.g. Paul and Clark, 1996] :
where T is the soil temperature (K), T ref a reference temperature (-K) at which f T = 1, E a the molecular activation energy of the reaction (J mol -1 ), and R the gas constant (J mol -1 K -1 ). The temperature gradient in the soil is calculated using the heat-flow equation
in which t is time, and z depth (m), D T (m 2 d -1 ) is the thermal diffusivity. Dry peat has a low thermal conductivity compared to mineral material and a heat capacity that strongly varies with soil-moisture content, leading to widely varying thermal diffusivities. Therefore the model incorporates a numerical solution of equation (4) with D T varying with moisture content of each layer, estimated according to Hillel [1998] .
Soil pH values also influence decomposition; different groups of organisms are active at different pH's: most of the known bacterial species grow within a pH range of 4 to 9, and fungi at pH 4-6. Decomposition tends to be slower at low pH [Paul and Clark, 1996] . The peat soils studied here generally have moderate pH values (5-7) at the topsoil, decreasing with depth [Vermeulen and Hendriks, 1996] . Groenendijk and Kroes [1997] adopted an empirical relation in their ANIMO model, which is also used in our model: 
Nutrient status, nitrogen content in particular, is another important factor influencing the decomposition rate. This is not incorporated as an environmental correction factor on k, but expressed by the different k constants of the various SOM pools.
For peat, an empirical relation between k (uncorrected for other environmental factors) and C/N ratio is established [Vermeulen and Hendriks, 1996] :
. .
(6)
We use this relation to estimate k for each peat layer whenever C/N ratios are available, otherwise k peat is set at 0.02 d -1 .
The k peat of 0.02 has been determined from soil columns under laboratory conditions [Vermeulen and Hendriks, 1996] . However, field measurements [Van den Bos and Van de Plassche, submitted 1] suggest higher (0.1 -0.2 d -1 ) decomposition rates for peat, in particular in the densely rooted topsoil. Possible explanations are improved aeration of the topsoil caused by water removal by roots, and a priming effect that is caused by the presence of highly decomposable root exudates. The priming effect consists of enhanced decomposition of resistant SOM upon addition of easily decomposable material [Kuzyakov et al., 2000] ; a likely mechanism is co-metabolism of more resistant SOM after stimulation of microbial growth. The moderately resistant peat material, in particular, may be sensitive to this effect. The priming effect is incorporated into the model by a correction factor f prim that acts on resistant SOM reservoirs (peat, humus), and depends on the production of root exudates simulated by the organic production module. Data obtained by Kuzyakov et al. [2000] indicate an up to 9-fold increase of the decomposition rate due to the priming effect.
CH 4 module
The CH 4 module is based on Walter et al. [1996] , Walter [2000] and Bogner et al. [2000] . A condensed description of the model of Walter [2000] and our implementation is given below. The model of Walter includes 1) CH 4 production depending on substrate availability; 2) CH 4 oxidation within the aerated topsoil and in plant roots and stems; 3) CH 4 transport by diffusion above and below the water table; 4) transport by bubble formation (ebullition) below the water table; and 5) transport through plants. The equation reads:
where C CH4 (t,z) is the CH 4 concentration at time t and depth z, F diff is the diffusive flux, Q ebull and Q plant represent ebullition and plant transport, R prod and R ox are the CH 4 sources and sinks due to CH 4 production and oxidation. For calculation of the diffusive flux the CH 4 concentration is assumed equal to the atmospheric concentration at the top of the soil column; at the base the concentration gradient is zero. CH 4 production is linearly related to substrate availability, which in turn depends on organic production and root distribution [Walter, 2000] . In our model, the substrate is the sum of the same labile SOM reservoirs used in the CO 2 module (plant roots, root exudates, manure); these reservoirs are, therefore, the principal link between the CO 2 and CH 4 modules. Compared to these sources, the peat substrate does not contribute significantly, although the model allows for a small contribution from peat. The peat organic matter consists of fairly resistant organic matter which has already undergone a decomposition cycle during its formation [Clymo, 1983] . Mineral soils show CH 4 emission similar to, or higher than peat soils since most of the CH 4 is derived from freshly produced organic matter [e.g. Fiedler and Sommer, 2000; Van der Nat and Middelburg, 2000] . In field studies, the CH 4 -production capacity in the deeper peat substrate is an order of magnitude lower than that in the root zone [Van den Pol-Van Dasselaar et al., 1999a; Van den Pol-Van Dasselaar and Oenema, 1999] . The CH 4 production is temperature dependent based on a Q 10 value:
in which R 0 is a constant rate factor (µMh -1 ), C fresh is the C concentration in the fresh SOM reservoirs, T the soil temperature at depth z (m) and time t (hr), and T ref a reference temperature, approximately the yearly mean soil temperature below the water table. R 0 is a site-dependent tuning parameter that incorporates site-specific factors such as organic matter quality and environmental factors [Walter, 2000] (set at 0.5 in our simulations, Table  1 ). An environmental factor which strongly influences CH 4 production is soil pH [Dunfield et al., 1993; Bergman et al., 1998; Segers, 1998 ]. Based on the data of Dunfield et al.
[1993] R 0 is decreased by 0.1 linearly at each pH unit lower than 7. CH 4 is oxidized by methanotrophs in the aerated topsoil and in plant roots and stems. Walter [2000] quantify oxidation in the aerated zone using the Michaelis-Menten equation:
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(9)
where K m (µM) and V max (µM hr -1 ) are the Michaelis-Menten constants (Table 1) . Q 10,ox determines the temperature sensitivity of the process. Plant transport of CH 4 is modelled by the transport rate Q plant :
and surface flux F plant
Q plant depends on rate constant c p , a vegetation factor V, the root distribution f root and a function describing the growth rate of the vegetation, f grow , derived from the production model described below. Since grasses are good gas transporters, we used the maximum value for V in all our simulations ( Table 1) . The transport rate is integrated over the depth of the root zone to obtain the surface flux. P ox is the fraction of CH 4 that is oxidized during plant transport. Ebullition occurs when CH 4 concentration of the soil water rises above a threshold concentration of 500µM.; its rate Q ebull is described by:
in which c e is a rate constant, C tresh the threshold concentration (500 µM), and f(CH 4 ) a step function that is 1 if the threshold concentration is exceeded and 0 otherwise. The flux rate is integrated over all layers to obtain the flux. If the water table is below the surface (which is always the case in our model simulations), the ebullition flux is added to the CH 4 concentration in the unsaturated zone.
Soil organic matter production module
The SOM production module simulates the addition of fresh organic material to the root zone and the addition of manure. In the peat meadow grasslands primary production of SOM depends mainly on temperature, nutrient availability, and oxygen availability in the root zone, the latter being determined by the water table. We adopted a simple model in which the above and below-ground primary productivity depends on the temperature of the upper 10 cm model soil layer. If the top layer is nearly saturated with water a reduction factor is applied for oxygen availability. A second reduction factor is applied for application of manure:
in which P 0 is the maximum possible above-and below ground primary production (kg C m -2 d -1 ), P is the actual primary production, K T (T surf ), f ox and f man are the correction factors for temperature, oxygen availability and manure application. The temperature function K T (T surf ) ranges between 0 and 1. The temperature dependence of the production is linear between a minimum temperature of 5 o C and an optimum of 15 o C; below the minimum temperature the production equals the minimum production, which is set to zero in all model runs. The relation between T surf and K T is sigmoid, based on a sinusoidal function. Values for P 0 have been derived from 14 C pulse labeling experiments on carbon fluxes in Dutch grasslands [Kuikman, 1996] . The value of f man is based on the same study, and amounts 0.6 if no manure is applied. The oxygen availability factor f ox ranges between 1 and 0. It depends linearly on the water saturation of the top layer and is applied when a saturation threshold value of 0.9 is exceeded.
The primary production P is partitioned using partitioning factors f P and f dep between newly produced shoots (P s ) and subsoil production (P r ) and rhizodeposition (P dep ): Values of f P and f dep for grasslands have been based on Kuikman [1996] , Kuzyakov et al. [1999 Kuzyakov et al. [ , 2001 , and on comparable values derived for wheat summarized by Whipps [1990] ( Table 1) . Kuzyakov et al. [2001] found that during the entire growth period of the grasses up to 50 % of the carbon transferred to the soil may consist of easily decomposable substances. Only values obtained from 14 C labeling experiments have been considered since these are more reliable than those obtained from root washing [Kuzyakov et al., 1999] . Exudation rate is higher for younger roots than for older roots [Whipps, 1990] , and therefore exudation tends to be higher in spring. Although this effect is difficult to quantify it is optionally incorporated in the model by a time dependent spring factor f spring . which enhances rhizodeposition during the early part of the growing season and depresses it in the later part. The roots are partitioned over the soil layers using an exponential root distribution function f root (z) and added to the root mass M roots (t,z) . During each time step, part of the root mass in each layer is subject to senescence based on a senescence factor f sen,r and added to the roots and litter reservoir. It is assumed that the total root mass does not increase over the years; the value of f sen is set to fulfill this requirement. Shoot production is added to the above-ground biomass M shoots . A fraction f harvest of the shoots is harvested on specified days during the simulation period, and another fraction f sen,s dies off each day and contributes to the litter reservoir of the upper layer. f sen,s and f harvest can be specified for each day of the year to allow for grazing and enhanced shoot senescence after harvesting. For our model simulations, roots are not allowed to grow below the water table since telmatophytes are practically absent at our study sites. However, root-growth restriction can be switched off in the model.
Addition of manure can be specified for particular days of the year. The manure contributes to the manure reservoir in the upper layer. The transport of manure to layers below the first layer is not modelled.
Model parameterization and data requirements
The model requires generic soil composition and physical parameter data that can be derived from standardized soil types in the Netherlands [Wösten et al., 1994 ] or on-site measurements. The values of other model parameters have been summarized in Table 1 . These data include dry bulk density, soil organic matter content, and water retention characteristics for each layer. Furthermore, time series of water table and air temperature are required, or their average yearly minima and maxima. Kuzyakov et al. [1999 Kuzyakov et al. [ , 2001 , Whipps [1990] SOM production module P0 kg C m -2 d -1 maximum primary production 8 0.0057 fman manure correction factor production 5, 8 0.6-1 fox oxygen availability correction factor production 10 0-1 fP part of primary production allocated to shoots 8, 9 0.7 (0.6-0.7)
fdep part of root production allocated to rhizodeposition 8, 9 0.2 (0.1-0.25) fspring correction factor for higher rhizodeposition in spring 10 0 -1 fsen,r root senescence factor 10 0.01 fharvest fraction harvested from biomass 5, 10 0.5 fsen,s shoot senescence factor 8, 10 0.01
Aerobic decay constants (k in equation (1)) for peat, roots, litter, and exudates have been derived from the literature. Vermeulen and Hendriks [1996] found decay constants for different types of peat based on incubation experiments of soil columns from areas comparable to our study sites. Values of k for roots (between 4 and 5) have been listed by Jenkinson and Rainer [1977] and Martin [1989] ; similar values are obtained from Kuikman [1996] . In particular for rhizodeposition the decay constants vary widely [Drew, 1990] . In line with Kuzyakov et al. [1999] we assume that aerobic decomposition of these substances is extremely rapid (with k values of 0.07 hr -1 ); which means that during one model time step (10 days) the rhizodeposition input is consumed almost entirely. The approach of using different organic matter reservoirs has the disadvantage that the initial C content of each reservoir is difficult to quantify, in particular the amount of dead roots, litter, and exudates is difficult to measure [Whipps, 1990] . The humification of peat soils is based on visual estimates in the field using the Von Post scale [Göttlich, 1976] . For the other reservoirs initial estimates are based on root distribution. A check on the initial conditions can be performed using longer model runs; assuming steady state conditions, a large increase or decrease of the amount of C in a reservoir should not occur. Addition of manure has been parameterized according to field observation on application dates and average values derived from agricultural statistics.
In the CH 4 module, the CH 4 production rate R 0 (eq. 8) is a tuning parameter. In general, the model performed best during the runs presented in this paper when this value was set at 0.5, which is at the low end of the range indicated by Walter [2000] . The Q 10 value for CH 4 production has been inferred from the measurement data at Guisveld. It was assumed that conditions for CH 4 oxidation in the generally well aerated top soils of the grasslands are optimal; the parameters of equation (10) have been set to reflect this condition. Since grasses are efficient gas transporters [Walter, 2000] , the transport rate and oxidation by plants also has been set at a near-maximum value of 0.7. For CH 4 oxidation (equation (9)), Walter [2000] used a value of 20 µM hr -1 for V max . For our study sites a higher value (50 µM hr -1 ) proved more appropriate. Grass roots at the field sites do not extend below 20 cm depth although the finest roots may extend somewhat deeper. The maximum rooting depth therefore has been set at 0.3 m, with the restriction that roots are not allowed to grow beneath the deepest water-table level.
The model output is sensitive to the initial CH 4 concentration profile in the soil, but these profiles have not been measured at the study sites. We assume that under steady state conditions net upwards or downwards diffusion of CH 4 at the base of the profile should be negligible during longer simulation runs. The CH 4 concentration at the base of the profile is set at a value at which a zero concentration gradient is maintained for the lowermost layers during the length of a model run.
Model testing

Validation
The validation runs use on-site measured time series of the water table and air temperature, supplemented with air temperature data from the De Bilt weather station (Figure 1) . The temperatures for De Bilt are on average 1.8 °C lower than the temperatures measured at the Guisveld and Ransdorp field sites but match those of the nearby Kamerik site well; the temperature time series for Guisveld and Ransdorp have been adapted accordingly. Each run is preceded by an artificial one year cycle consisting of a sinusoidal temperature and water-table cycle to reduce the influence of initial conditions of the vertical temperature profile, CH 4 concentration profile, and organic matter reservoirs. Manure addition and harvest in the model runs were set at values reflecting the local management practice.
The closed chamber-flux measurements for CO 2 cannot be compared directly with the model output (total CO 2 , output series I), since the measurements include some CO 2 from respiration by roots and shoots, which is not modelled explicitly. On the basis of differences between vegetated and unvegetated sites, a comparison of measured CO 2 fluxes with those from grassland on non-peat soil, and fluxes at sites where the top of the profile with the root zone has been removed and replaced by inert sand, the CO 2 flux from the soil is on average 80% of the total measured flux for each site when vegetation respiration is excluded [Van den Bos and Van de Plassche, submitted 1]. The contribution by decomposition of peat is approximately 60 % of the measured flux, of which the largest part is derived from the root zone [Van den Bos and Van de Plassche, submitted 1]. We therefore reduce the measured CO 2 flux data by 20 % before comparison with the model output. To assess the model performance for peat degradation, we also compare the CO 2 flux from the peat reservoir with 60 % of the data, which provides a second validation criterion for the CO 2 flux.
Initial model runs proved unable to reproduce the CO 2 flux at all sites. The mismatch is mainly caused by too low a flux from the peat reservoir in the topmost layer. This suggests 1) considerably larger decay rates k peat from peat than those determined by Vermeulen and Hendriks [1996] , 2) underestimation of the root-respiration component in the data, or 3) the presence of a considerable priming effect caused by addition of rapidly decomposable material from rhizodeposition [cf. Kuzyakov et al., 1999 Kuzyakov et al., , 2000 . However, the decay rates of Vermeulen and Hendriks [1996] compare well with those found by others [summary in Vermeulen and Hendriks, 1996] and by Van den Bos and Van de Plassche [submitted 2]. Also the root-respiration estimate compares well with the measurements of Kuikman [1996] . Therefore activation of peat decomposition in the root zone by a priming effect is the most likely explanation for the initial gap between modelled and observed peat decomposition. If a priming correction factor (Table 1, see above), dependent on root mass, is applied to the decomposition rates of the slowly decomposing peat and humus reservoirs, a much better fit between the data and model is achieved.
The magnitude and pattern of the total CO 2 fluxes agree well with the data ( Figure  4) . The simulated total summer CO 2 flux peaks at Guisveld and Ransdorp tend to be too high for the first summer, although the modelled output is largely within the measurement error of the data. This may be caused by uncertainty in the temperature time series for these sites or uncertainty in the amount of manure, a parameter that is difficult to estimate. The CO 2 flux from peat shows a better match at these sites. At Kamerik, the peat flux is slightly underestimated by the model, but is still largely within one standard deviation of the data.
Although the CH 4 module computes the CH 4 fluxes from diffusion, ebullition and plant transport separately, we used only the summed total CH 4 flux which was measured with the flux chambers. Only the measured CH 4 data from the Guisveld high WT sites can be used for reliable validation of the modelled CH 4 flux. At the other sites the fluxes were very low (< 1 mg m -2 hr -1 ), and subject to relatively large measurement error. For the Guisveld high WT site the magnitude of the simulated fluxes agree well with the measurements. For the other sites the magnitude of the modelled values compare in order of magnitude well with the data, but the model fails to reproduce the pattern of peaks that occur at all sites in summer. In particular the high peak in the data near day 600 is not simulated well. This peak is caused by a high rainfall event after a dry and warm period [Van den Bos and Van de Plassche, submitted 1], which is not captured by the temperature and water-table time series used in the model. This type of rainfall event probably causes transport of organic matter from manure and exudates to the water table, stimulating methane production at depth. These transport processes cannot be reproduced by the highly simplified hydrology of the model. Although the model is unable to produce the yearly CH 4 flux pattern for low water-table sites (i.e. >0.3 m below surface), it correctly reproduces the practically zero overall flux from this type of site. According to Van den Pol-Van Dasselaar et al. [1997] low water-table peatlands may even become CH 4 sinks in part of the year. 
Model sensitivity
A number of sensitivity tests have been performed to determine the behavior of the model under a range of operating conditions, and to assess the influence of input parameters which are difficult to quantify. Each run has been made with temperature, water level, and soil parameters for a specific site. In the discussion below, the CH 4 fluxes have also been multiplied by a factor of 23 [Houghton et al., 1995] for comparison of the total greenhouse gas (henceforth TGG) effect in CO 2 equivalents. Water Rise of the water table has been performed by multiplying the water-table time series of the Guisveld low WT sites with factors of 0.6 and 0.3. A factor of 0.3 results in a water-table time series approximately equal to that of the Guisveld high WT sites (i.e. no WT lowering in Figure 5a, b right) . This factor results in a relative small decrease of the CO 2 production while the CH 4 flux increases rapidly. A clear change in the seasonal pattern of the CH 4 flux also occurs, from a non-fluctuating pattern of the low water-table sites to a strong yearly fluctuation. The pattern change behaves non-linearly. For a multiplication factor of 0.6, flux peaks appear in spring and autumn, followed by a much higher summer flux at further water-table rise. Although a 25 % decrease of the CO 2 flux from the peat substrate is achieved, the decrease of TGG flux amounts only 18 % because of the strong increase in CH 4 flux.
A drop of the water table has been achieved by decreasing the water-table time series with steps of 0.1 m up to 0.3 m for the Guisveld high WT sites ( Figure 5 ). This reverses the pattern of change in CH 4 and CO 2 fluxes of the previous experiment. It causes a rapid, nonlinear decrease of the CH 4 flux, up to 82 % ( Figure 5 ). The largest decrease of the CH 4 flux is achieved at the first water-table lowering step. Again, the CH 4 flux pattern throughout the year changes strongly from a clear seasonal cycle to an almost uniform low flux throughout the year. The CO 2 production increases (25 %), with strongest changes at the first step. The CO 2 production from peat increases considerably; most rapidly (32 %) at a water-table drop of 0.1 m, to 35 % at 0.3 m. The total effect of water-table lowering on the TGG fluxes is a 20 % increase, which is largely (19 %) achieved at the first water-table lowering step of 0.1 m.
The TGG flux increases when the water table is kept at a constant high level throughout the year (Figure 5c ), resulting from a combination of a high water table with high summer temperatures. With the water table set at the average value for the Guisveld high WT sites (8 cm below the surface) and constant throughout the year, a increase of 16 % of the TGG flux (up to 502 g CO 2 equivalents m -2 yr -1 ) occurs compared to the present situation, due to a strong rise of the CH 4 flux with a factor of 3.4. This increase is not compensated by the small (1.7 %) decrease in CO 2 production.
The seemingly erratic seasonal pattern changes of the CH 4 flux at water-table change to intermediate levels can be explained by interaction between the yearly temperature wave and water-table movements. At intermediate water tables, marked CH 4 flux peaks occur in spring and autumn ( Figure 5 ). An experiment using a sinusoidal wave for temperature and water table shows that these peaks occur in spring and autumn when both temperature and water table are relatively high ( Figure 6 ). As soon as the water table drops below 0.2 m (full summer condition), the CH 4 flux decreases and the CO 2 production increases, since the water table drops below the densely rooted zone where most of the CH 4 is produced and oxidation is enhanced in the thicker aerated zone. This decrease in CH 4 does not occur at higher summer water tables. A: average yearly fluxes of total CO2, CO2 from peat and CH4 for water- Temperature. The temperature has been manipulated with a series of model runs with a temperature -2 -C below present, +2 -C and +4 -C above present for the Guisveld high WT sites. Both CH 4 and CO 2 fluxes increase with temperature, in particular the summer fluxes increase (Figure 7) . The increase of the CO 2 flux is caused by more rapid decomposition of both peat and fresh organic material. Since Q 10 for CH 4 oxidation is lower than that of CH 4 production, the increase of the CH 4 flux is not linear, showing a more rapid increase at higher temperatures. The effect of temperature change on the CH 4 flux is also dependent on the water table and timing of water-table change. At higher temperatures, and for the case of intermediate, fluctuating water tables, stronger aerobic decomposition of fresh organic matter reduces the amount of available substrate to such an extent that the average yearly CH 4 flux drops by a few (1 -7) percent ( Figure 6 ). Primary production. The primary production has not been measured at the field sites; values have been estimated from Kuikman [1996] . We tested the model's sensitivity by multiplying primary productivity P with a factor of 0.5 and of 1.5. Both CH 4 and CO 2 increase with increasing primary productivity (Figure 8 ). The effect on CH 4 is considerably less (1.5 %) than that on CO 2 (8-10 %). The CO 2 production from peat is also affected (1.5-3.5 %) because of the priming effect which enhances peat degradation. The sensitivity of the model to errors in estimated primary production proves to be limited. Root depth. The depth to which roots penetrate determines the transfer of primary productivity to lower soil layers and the CH 4 plant transport. Visible roots at the study sites do not penetrate deeper than 20 cm, but finer rootlets may penetrate deeper. Experiments with different maximum root depth (0.2 -0.5 m) for the Guisveld low WT sites show that in particular the CH 4 module is sensitive to the root depth specified, while the CO 2 module is hardly affected. Up to a root depth of 0.4 m, the total CH 4 flux remains approximately similar (Figure 9) . At a root depth of 0.5 m, the CH 4 flux doubles. This is caused by transfer of rhizodeposition to layers within the range of water-table fluctuation, and an increased CH 4 flux through plants. In the model, root growth below the water table is disabled, because the typical grass species in agriculturally managed grasslands do not extend their roots below the water table. However, the establishment of a vegetation with telmatophytes is likely when land management changes to nature reserve. When root growth below the water table is enabled in the model the CH 4 flux increases with 32 % for the Guisveld high WT sites, because part of the rhizodeposition is transferred below the water table. However, the CO 2 flux decreases 23 % for the same reason. The TGG effect is a decrease by 20 %. The root-depth experiments indicate that the CH 4 flux in particular is highly sensitive to the type of vegetation.
Decay constants of fresh organic matter. The aerobic decay constants of fresh organic matter (k) are difficult to estimate and may be subject to variation. For rhizodeposition very rapid decay is assumed, but decay constants for the root and litter reservoirs are considerably lower. We experimented for the Guisveld high WT sites by multiplying k root with factors between 0.5 and 3. The CH 4 flux is increased with 15 % at the lowest value of k root , while at the highest value of k root a small decrease (9 %) is noted ( Figure 5, 6) . The CH 4 increase occurs in simulation periods with a high water table ( Figure  10) and is caused by an increase of the roots and litter reservoir due to slower aerobic decomposition. The total CO 2 production shows minor changes.
Soil pH. The sensitivity for soil pH has been tested by decreasing and increasing the pH for the Guisveld high WT sites by one unit. Both CO 2 and CH 4 fluxes increase with Figure 11 ). The effect is asymmetric and differs for CO 2 and CH 4 . The CH 4 flux is moderately affected by the pH rise (13 % at higher pH, 6 % at lower pH ) while the effect of a lower pH on the CO 2 flux from peat is quite strong (47 % lower). 
Discussion
Overall, the model is capable of reproducing the production of CO 2 as measured at all sites, and the CH 4 flux at the high water-table sites at Guisveld. However, details in the modelled and measured time series are different due to simplifications in the model structure.
The performance of the CO 2 module is adequate for the purpose of estimating flux changes due to land management. The explicit modelling of the decomposition of the peat substrate allows an estimate of the effects of continued peat degradation due to water-level lowering for agricultural purposes. Several processes can be refined. The effect of O 2 availability has been modelled using a simple parameter that suppresses aerobic mineralization at high water saturation, whereas modelling the diffusion of O 2 into the soil is more appropriate. Also the lack of a more refined module for the unsaturated zone hydrology is a disadvantage; in particular the CH 4 module should benefit from more detailed modelling of hydrological processes (see below). On the other hand, refinement of the model can be achieved only at the cost of increasing the number of soil physical parameters needed for the model, which has the drawback of making the model more vulnerable to parameter errors. It appears that peat degradation in the topsoil is underestimated when peat decomposition rates are based on the rates obtained from the incubation experiments. This result implies insufficient understanding of peat decomposition under field conditions. We attribute a significant influence on peat degradation to the effect of priming as described by Kuzyakov et al. [1999 Kuzyakov et al. [ , 2000 ; this effect which may be of particular importance in the productive grasslands we studied. Kuzyakov et al. [2000] suggest several possible mechanisms for the priming effect, of which co-metabolism of the peat substrate with root exudates and fertilization of the microbial population by rhizodeposition products are the most likely. The peat substrate, which decomposes relatively easy compared with the stabilized humus studied by Kuzyakov et al. [1999] , may be quite sensitive to priming.
The CH 4 fluxes at low WT sites are, in agreement with field observations, practically zero. However, short-lived flux peaks in summer are not reproduced. The probable cause of the measured flux peaks in summer is downward transport of dissolved, labile organic matter from manure and exudates, since this flux peaks have been preceded by heavy rainfall after a warm and dry spell. By including vertical transport of dissolved organic matter in the model, we may improve the CH 4 module performance for low WT sites. Nevertheless, the CH 4 module is able to reproduce the approximate magnitude of the flux in these situations and is therefore suitable for estimating the impact of water-level management, perhaps in combination with regression models based on measurement data applied by e.g Van den Pol-Van Dasselaar et al. [1999b] and Van den Bos and Van de Plassche [submitted 1].
A source of uncertainty is the CH 4 production rate constant R 0 , a tuning parameter of the CH 4 module. Because of the uncertainty in the validation of the modelled CH 4 flux at the low WT sites, it is difficult to evaluate if site-to-site variation in this parameter exists. It is not unlikely that R 0 differs among high WT and low WT sites. Besides, other environmental conditions between both groups of sites differ too. The pH in the topsoil is generally higher at higher WT sites, which may stimulate CH 4 production [Dunfield et al., 1993; Bergman et al., 1998 ], since production occurs within the topsoil. Moreover, the CH 4 production at high WT sites occurs within the zone of abundant production of labile organic matter. These environmental factors cause a more viable microbial community at the high WT sites, comparable to the priming effect for aerobic decomposition. Van den Pol-Van Dasselaar et al [1999a] demonstrate that highest CH 4 production capacity occurs slightly below the surface, rapidly (a factor 4-5) decreasing with depth. This observation also indicates that a more active methanogenic microbial community exists in the topsoil where most of the labile SOM is produced. Likewise, parameterization for the CH 4 oxidation rates may be site dependent since oxidation rates cited in the literature also show considerable variation [Segers, 1998] . In our application the parameters have been set at high values, in the range indicated by Walter [2000] , in agreement with generally high values found in Dutch peat soils [Van den Pol-Van Dasselaar, 1999a] .
CH 4 production may be subject also to hysteresis in variable environmental conditions. Moore and Roulet [1993] showed this effect for water-table change, and Updegraff et al. [ 1998] showed it for temperature change. This effect has not been incorporated in the CH 4 module but might occur in our study areas where considerable water-table fluctuations occur. The differences between the data and the model for the Guisveld high WT sites do not indicate the presence of hysteresis effects. However, these sites show relatively modest water-table fluctuations, and for sites with a stronger fluctuating water table this effect needs to be tested.
The model shows that a drop in the water table has a strong effect on the peat substrate since the CO 2 flux increases rapidly. The effect is not linear; the water-table sensitivity experiments indicate that there is a critical depth (around 0.2 m) at which the carbon-flux regime changes fairly drastically from high CH 4 and low CO 2 fluxes to almost no CH 4 and high CO 2 fluxes. Further lowering of the water table results in a further increase in CO 2 flux. This increase is a transient phenomenon; as degradation continues the remaining material consists of increasingly resistant material [Van den Bos and Van de Plassche, submitted 2], which results in an overall decrease in the rate of peat decomposition. This effect is rather artificially modelled by the separation between peat and humus reservoirs; in practice all transitions between fresh and largely decomposed peat occur. Decomposition of the peat will result also in loss of soil volume and surface subsidence, ultimately causing a relative rise of the water table [Schothorst, 1977] . These effects have not been included in the model.
The sensitivity tests on the decay constants of fresh organic matter demonstrate an interesting feature of the interactions between CO 2 and CH 4 production. If the aerobic decay constant for roots and litter decreases, the CH 4 production increases because of the availability of more labile SOM during periods of high water table. Clearly, competition for labile SOM reservoirs occurs under conditions of a fluctuating water table. In general, any process that transfers labile SOM to within the depth of water-table fluctuation causes an increase of the CH 4 production in the model. This effect is shown when roots are allowed to grow beneath the water table, adding exudates to the SOM reservoirs for CH 4 production. Addition of manure, if transported to the zone of water-table fluctuation, will also enhance CH 4 production.
The effect of the timing of changes in water table and in temperature on the CH 4 flux is interesting. CH 4 peaks occur in spring and autumn at intermediate water levels, between those of typical low and high WT sites. At high WT sites, the modelled flux follows a normal pattern with highest fluxes in summer. Similar spring and autumn peaks in measured CH 4 flux time series were found by Frolking and Crill [1994] and Van den Pol -Van Dasselaar et al. [1999b] .
The model results suggest implications for management of the studied peatlands, although these implications are tentative since the experiments are based on a few sites. The experiments with water-table changes show that raising the water table decreases the TGG fluxes from these peat soils by reducing CO 2 production from the peat substrate. This phenomenon has been used as an argument for converting agricultural peat areas into wetlands. However, the strong effect of a higher water table on the CO 2 flux is partly compensated by a nonlinear increase in the CH 4 flux (a 30 % increase in all-year water table reduces TGG flux with 18 %). Moreover, this TGG reduction strongly depends on the type of water management (constant or fluctuating). If the water level is kept constant throughout the year, even a net rise of the TGG flux may result.
Our model experiments indicate that the CH 4 flux may be enhanced further by 1) vegetation change from grasses to telmatophytes which add more fresh SOM below the water table, and 2) increasing productivity of the vegetation. Grasslands converted to wetlands probably maintain a high productivity for some time due to high nutrient levels still present in the soil. This effect will be transient, and may be suppressed by careful managementthrough continued harvesting. However, the eventual effect of vegetational succession is difficult to predict since it depends strongly on the primary production of the vegetation, the amount of the primary production that is transferred into the root zone and below the water table, and eventually the formation of new peat. These factors will depend strongly on the type of plant communities which are established.
Conclusions
The integrated modelling of CO 2 and CH 4 fluxes in PEATLAND enables the adequate assessment of the effects of water-table management on greenhouse-gas emission from peat soils in the Netherlands. A water-table drop results in increased CO 2 production and loss of peat substrate. The TGG effect is partly compensated by a decrease in CH 4 flux, caused by decreased production and increased oxidation of CH 4 . This decrease is ineffective below a critical average water table of approximately 0.2 m below the surface as at this level the CH 4 flux is practically reduced to zero. Raising the water table results in decreased CO 2 production and increased CH 4 flux, which yields a decrease of the TGG flux. However, the net effect strongly depends on the type of water management. High summer water tables potentially cause a net increase of the TGG flux by a strong increase in CH 4 flux.
An interesting effect shown by the model is the linkage of CO 2 and CH 4 production by competition for labile SOM reservoirs, in particular in the case of fluctuating water tables. Slower aerobic decomposition of labile SOM results in higher CH 4 production when the water table rises again. The CH 4 flux also depends on the timing of both high temperatures and high water tables, which can result in nonlinear behavior of the CH 4 flux when the water table or the temperature are manipulated in the model.
In the study of peat decomposition the effects of priming -increased decomposition after addition of labile SOM by rhizodeposition -need to be considered as a cause of high decomposition rates in the root zone under field conditions.
